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Shapes of Nonbuoyant Round Luminous Laminar-Jet
Diffusion Flames in Coflowing Air

K.-C. Lin ° and G. M. Faeth*

University of Michigan, Ann Arbor, Michigan 48109-2140

The shapes 0umtnous flame boundaries) of steady uonbuoyant round Insninom hydrocarbon-fueled inndna_Jot

diffusion flames burning in teflowlng air were studied both experimentally and theoretical]}'. Flame shapes were
mea._tred from photographs of flames burning at low pressure in order to minimize the effects of buoyancy. Test

conditions involved acetylene-, prepylane- and 1,3-1mtadlene-fueled flt.m_ having initial reactant temperatures of

300 K, ambiant prtssmms of 19--.$0 kPa, jet.¢_dt Reynolds numbere of 18-121, mad initial air/fuel velocity rifle*

of 0.22---32,45 to yield inmineus flame lengths of 21-108 ram. The present flames were dose to the laminar smage

point but were not soot emitting. Simple expre_ions to estimate the shapes of Immbuoymat laminar-jet dlffusim

Illumes _n coflew were fuuad by exteadlng an eorher analysis of Mshaliapm et aL (Mahaiingam, S. Fer2iger, J. E[.

mxl CantwelL B. J, _lf-Slmi_r Diffmin. Flame*," Cm_,_n a_d ,t'7_we, Vol. _, No. 2, 1990, pp. 23J-234).

These formulas provided a M comintion of present mensUremants exeept n_x the Imri_r exit where seIlr.simihu"

approximat.com used in the M_mpfit_d mudyds _pe no gmager nppeoprin/e.
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Nomendature

= empirical flame length factor

= mass diffusivity
= jet-exit diameter

= air and fuel stream Froude numbers, u2.,o/(2gL/)

andu_ol(2sL/)
= mixtu_ fr_tion

= acceleration of gravity

= distance from jet exit to luminous flame tip

= distance from jet exit to virtual origin

= btnner ma_ flow rate

= pre._ure

= jet Reynolds number, 4m/(nd_)
= radial distance

= Schmidt number, v/D

= straamwise velocity

= streamwise velocity defect; Eq. (1)

= luminous flame diameter

= luminous fame diameter at ¢ = ½

= straarnwise distano'.

= mass fractionof fuel

= mass fraction of oxygen
= stdichiometric mixture fraction

= normalized streamwise distance; F.q. (12)
= dimensionless radial distar_; Eq. (6)

= dynamic viscosity

= kinematic viscosity

= density

= standard deviation of parameter t

= airstraam property

= fuel-sueam property
: bum exit-plane condition

Introduction

AMINAR nonpremixed (diffusion) flame* are of interext be-
cause they provide model flame systems that are fat more
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tractable for analysis and experiments than more practical turbulent

diffusion flames. Certainly understanding flame processes within
laminar-jet diffusion flames must precede understanding these pro-

in more complex turbdient diffusion flames. In addition, many

properties of laminar-jet diffusion flames are directly relevant to tur-

belent diffusion flames using laminar flaruelet concepts) Laminar-
jet diffusion flame shapes 0uminous flame boundaries) have been of

particular interest since the classical study of Burke and Schumann 2

because they are a simple nOnintmsive measm_rnent that is conve-

nient for evaluating flame-structure predictio_.s. Motivated by these
observations, the shapes of laminar diffusion flames were consid-

ered during the present investigation.

Non|moyant f_ames were emphasized du6ng the present investi-

gation to simplify inteqZretation and analysis oftbe measurements

and increa_ the relevance of the resul_ because most practical

flames ate not buoyant. Effucts of buoyancy were minimized by

observing flames having large flow velocities at small pressm_)

Present methods were based on the study of the shapes of nonbooy-
ant round laminar-jet diffusion flames in still air due to Lin et al., _

who found that a simple analysis due to Refs. 5 and 6 yielded good

predictions of the flame shapes _ed by Urban et al.7 and Sun-

derland et al. U The objective of the presem study w_ to extend

Ref. 4 to consider the shapes of nonlmoyant round laminar-jet diffu-

sion flames in coflowing air, prompted by the widespread use of this

configuration to study the st..-acr_ and soot formation processes
of laminar diffusion flames (_ee Refs. 10-19 and references cited

therein). Similar to Ref. 4, a way to correlateflame-shape results was

soughL convcniem for me by other,, based on simplified analysis

of nonlmoyant laminar coflowing jet diffusion flames.

Most earlier studies of the shap_ of nonbooyant larnimtr-jet dif-

fusion flames considered round hydrocarbon-fueled flames burning

in still gases (generally air) (see Refs. 4-8, 20--33, and references

cited therein). The results of these studies have raised several con-

_"ns: what conditions are needed to minimize effects oflmoyancy

when obsetwatiom Of nonhooyant flames are sought at normal grav-

ity, what is the effect Of transient flame development on flame-

shape measurements when nonbuoyant conditions are provided by
ground-based facilities where available test dines are limited, and

what is the effect of soot luminosity on the fame-shape measure-

ments of hydrocarbon-fueled flames. With respect to minimizin$

effects of buoyancy at normal gravity,experimants at low pressut_ _
"" 33 Vand with very large flow velocme, have prov_ to be effectt e

tactics that will be exploited during the present study. Transient

flame development effects have been problematical using groend-

based low-gravity facilities due to the limited test times of drop
towers u-_ and the fligM-path disturbances of aircraft facflitiosY'*

Recent rneasurermmts from long-term low-gravity te_ts in Space _
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and drop-tower tests at reducedpressures,j however, have mini-
mized transient flame development problems and yielded results
that could be correlated by simplified theories as mentioned cartier.
Effectsof sootluminosityon theshapesofhydrocarbon-fueled

laminar-jet diffusion flames in sdll air are more problematical than
effects of buoyancy and transient flame development. The lumi-

nosity of hydrocarbon-fueled flames is causc.d mainly by glowing
toot particles; therefore, the relationships between luminous flame
dimensions and the locadon of the flame si-_mt (where the local mix-
rare fraction is stoichiometic) are the main issues because tlm latter
is generally associated with predictions of laminar flame shape*.
Pastmeasurementsofthestructureand sootproperties ofweakly

buoyant and buoyantround laminar-jet diffusion flaraes Imming
in still or slowly moving air indicate that luminoodstoichiometric
flame-length ratios are in the range 0.9--1.8, with the largest val-
ues observed as the laminar smoke point (the condition where the
flame first begins to emit soot) is approached. 9"n-16 This behavior
occurs becau_ soot oxidation begins at slightly fuel-rich conditions
and can continue in the fuel-lean region for a dmc before the soot

is either consumed (for non-soot.emitting or nonsooringflarr_s)
or the soot oxidation reactions are quenched (for soot-emitting or
sootingflames), with luminous flame lengthsvarying accordingly.9

Finally,recentme.asurementsofnonbuoyantlaminar-jetdiffusion

flames in sdll air show that luminous flame lengths near laminar
smoke-point conditions are roughly twice as long as those of tool
free (blue) flames at comparable conditions.4,sFortunately, flame

shape.* at these two limiting conditions could still he correlated ef-
fectively basedon thesimplified Spaldings analysis,after dado-
ing an empirical factor to represcm effects of soot luminosity.4
Such empiricism is not desirable. _t it is unavoidable at the
present time because of limited understanding about soot reaction

im_cesses.
Even though the classic study of Burke and Schuntan 2 addre_ed

theshapesof laminar co flowing jet diffusio n flames (for thelimiting
condition where initial fuel and oxidant velocities were the same),
there has been relatively litd¢ subsequent consideration of this prob-
lem. Exceptions include the fl'w,oretlcal studies of Williams _ and
Mahalingam et ai.,_s which extended the Burke and Schumann a
analysisto mint flames where the outer coflowing stream was un-
bounded, During the present study, the simple self-similar analysis
ofMahalingam et ai)swas furthudevelopedtoprovidea theoretical
basisforcorrelatingtheshapesofnonbuoyamlain/oar-jetdiffusion

flamesincoflowingair,analogoustotheuseofthesimplifiedanal-
ysisof Spalding _ to provide a theoretical basis for correlating the
shape of nonbuoyant laminar-jet diffusion flames in still alrby IAn
et al.4

The preceding discussion suggeststhat significant
has bcen made concerning theshapes of the hydrocarbon-fueled
lamiusr-jet diffusion flames in still air but that corresponding in-
formation for flames in eoflowing air is very limited in spite of
the importance of this configuration for studies of soot processes in
laminar-jet diffusion flames.Withthisstatusinmind, the present in-
vestigationconsidered nonbuoyant round luminous laminar-jet dif-
fusion flames in coflowing airwith the following specific objectives:

l) Measure the shapes (luminous flame boundaries) and asso-
ciated properties such as laminar flame lengths and diameters for
various fuel types, coflow velocities,jet-exit flow ratestnd ambient

2) Compare present measurements with earlier findings for sim-
ilar flames in stillair, e.g.,theflamesobservedinRef.4,tohelp
quantify effects of coflowon flarae-shapeproperties.

3) Exploit the new measurementsto developacorrelation for th_
shapes of coflowing laminar-jetdiffusion flames,convenientfor use
by others, by extending the earlier analysis of Burke and Schumann a
flame, due to Mahalingam et al)s

Present observatic_.s were limited to snot-comainiog acetylene..
propylene- and 1,3-betadlene-fueled laminar-jet diffusion flarm,

burning in coflowing air. Similar to Ref. 4, the measurementswere
limited to conditionsnear _ laminarsmokepoint excepl for some
preliminary observations to study the effect of approach to the laro-
inar smoke point on flame shapes.

The following discussion begins with descriptions of experimen-
ud and th_'etka]methods. Results arc then considered, _-..adng

flame appearance, luminous flame lengths, luminous flame diam-
eters, and luminous flame shapes, in turn. Major conclusions are
summarized at the end of the paper.

Experimental Methods

Experimental methods will be described only briefly (see Refs.

17-19 for more details). Effects of booym3cy weft minimized by
observing flames at relatively small pressures (_<50 kPa) with _th_
relatively large coflow velocities (air/fuel velocity ratio, up m 32.45)
or relatively large source Froude numbers when coflow velocities

were small. The burner was placed within a windowed cylindrical
chamber and directedvertically upward alongits axis. The burner
was a coaxial-tube arrangement with the fuel flowing from the inner

pon (6-mm inside dian'_.erwiththerobe wall tapered toprovide a
negligible thickness at the tube exi0 and air flowing from a conoen-
tric outer port (60-mm inside diameter). The inner port had sufliciem
length to provide fully developed laminar pipe flow at the burner
exiL The outer port had scvedai layer_of beads and screeusto pro-
vide a uniform velocity flow at the burner exit Flame lenstht were
]trailed 5o that test conditions approximat_ flatr_ in a uniform air
coflowbasedon laser velocimeU'ymeasurementsof flOWvelocity
distributions.*?.t9 The windowed chamber had a diameter of 300

mm and a length of 1200 ram. Optical t_ce_ wus provided by two
pairsof opposing windows having diarrmett of lO0 mm and cen-
tered on a horizontal plane located 500 mm above the base of the
windowed chamber. 7"h¢ flames were positioned so that their full
lengths could be observed and photographed through the windows.

Fuel was supplied to the inner port hom commetc_ gas cylirv
dars Fuel flow rates were controlled and meteredwith critical flow

orifices in conjunction with pressureregnlators with this systemcal-
ibrated with wet-test meters.Air was suppliedfn_m the morn using
critical flow orifices to controland _ air-flow rate,.The exhaust

products passed through a porousplate into a ple_mm chamber at
thetop of thewindowed chamber to provideuniform flow con-
ditions in the vicinity of the test flame. After dilution with air m

reduce flow temperatures, the exhaust _ was removed using the
laboratory vacuum pump system. The flames yam: ignited by a hot
wire that could be manually moved out of the flowfield once flame
stabilization was complete.

Dark field photographs of the flames we_ obtained using a 35-ram
reflex camer_ The photographs were subsuquendy printed using a
100 x 125mm filmformat. The flamesweremeasureddirectlyfrom
theseprints,usingphotographsofobjectsofkaown size to calibrate

vertical and horizontal distances on the prints. Experirmmtal uncer-
talntias (95% confidence)of luminous flame diarnete_ and lengths
were less than 2 and 5%, _vely.

Present test c_'_:lidons are summarized inTable1, Gas purifies
were greater than 99% for propylene and 1,3-butadiene but
onlyroughly 98% for acetylene due to contamination by acetone that
is present in commercial acetylene gas cylinders for safety pm'puse_

effect of the a_tone was evaluated by comparing obsecvaties_
with and without acetone vapor present, using the acetor_ pmif_a-
lion system describedby Harnins et ai._ to create the _.etone-fn_

fuelstream.The effect of acetmm on luminousflame shapes (and
laminar smoke-poim flanm lengths tT.'_) was small compared with
experimentalunoertaintius. Present test condidons included

Table I ,_ _D.,_ em,fltlom •

Fuel flow rote. mg/sa 0.94-$._ _'_'-l-.5_J-.._._-_ 0.74--2.71
Re (-) 19-121 38-101 18-66
u._./Ul.. (-) 0.22-12.03 0.29--6,99 0.T7-32.45
PI_, mg/s-m 10,_t t.61 g.66
L/, nun 21-108 41-10_ 21-75
wt[z, mm 3.5--9.5 $.9--13.1 4.3-10.0
Z_ 0.0704 0.0636 0.0667

SFu_l p_a imidc dim_-_, of 6 mm m_d ommmuk: _. pm.t imide _ _'60 mgn

bem_" _ pr_ssm_ of 19..50 Id_ .......
C_IM gradeIpu_eaiacylinder_wid_puddes,s foHo_ llx,_ _hm_L0_ f_¢
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temperatures of rougl'dy 300 K, ambient pressure s of 19-50 kPa, jet-

exit Reynolds numbers of 18-121, and initial air/fuel velocity ratios

of 0.22-32.45.

Theoretical Methods

The objective of the analysis was to develop a convenient way to

help interpret and correlate flank-shape measurements for nonbuoy-

ant laminar-jet diffusion flames in coflowing air, analogous to

approach used by Lin et ai.4 for the shapes of nonbuoyant laminar-

jet diffusion flames in still air. Thus, a set of easily used equations

was sought, along with recommendations for selecting the therrno-

chemical and transport properties appearing in these equations, as

opposed to more complete methods that would require numerical so-

intions on a computer. The approach used was to extend the analysis
of Mahalingam et ai3s (which considers the Burke and Schumann

problem in the self-similar regime fat from the source when the outer
reactant stream is unbounded) to treat the present problem. The fol-

lowing description of the analysis is brief. A more detailed example

of this general approach, for somew_t different initial conditions
and property assumptions, is provided by Mahalingam et al. _

Except for changed ambient flow properties, the major assump-

tions oftbe present flame-shape analysis are similar to those used

earlier by Linet al.4 as follows: 1) Attcodon is limited to steady,

axisymmetric larninat-jet diffusion flames burning at constant pres-

sure in an unbounded cofiowing gas having uniform properties;

2) effects of buoyancy and associated changes of potential energy

are negligible; 3) the Mach number of the flow is small so that ef-

focts of viscous dissipation and changes of kinetic energy can be

ignored; 4) the flame has a large aspect ratio so that diffusion of

mass (species), momentum, and energy in the streamwise direction
is small; 5) for the same reasons, the solution of the governing equa-

lions can be approximated by fat-field conditions where tbe details

of initial conditions can be replaced by integral invariants of the

flow for the conservation of mass, momentum, and energy; 6) all

chemical reactions occur in a thin-flame sheet with fast chemistry so

that fuel and oxidant ate never simultaneously present at finite con-

contrations; 7) the diffusivities of mass (of all species), momentum,

and energy are all equal; 8) all thermophysical and transport prop-

erties are constant throughout the flame; and 9) effects of radiation

are small. The first three assumptions ate justified as conditions of

the present experiments. The fourth and fifth assuml_'Jons are jus.

tiffed for most of the present measurements that have large aspect

ratios, e.g., the present measurements summarized in Table I have

flame aspect ratios 2L//wU2 in the range 4-62 and burner aspect

rados 2L//d in the range 7-36. The sixth assumption, prescribing a
thin.diffusion flara¢ sheet, has a long history of effe.ctive use to find

the shapes oflaminat-jet diffusion flames, dating back to Burke and

Schumann.: The remaining assumptions, however, are not satisfied

by laminat-jet diffusion flames and were only adopted so that simple

flame-shape formulas could be found, based on the pest success of

similar approximations to find the shapes of laminar-jet diffusion
flames (see Refs. 4-8, 28--31, and references cited therein).

The flame configuration and notation used for the present analysis

is sketched in Fig. I. The approach is limited to self-similar behavior
fat from the source so that the details of source properties L'_ not

important; therefore, the source is reWesenend by uniform average

fuel* and air-stream velocities ul.,, and u._. The mixture fractions

(deflnnd as the fraction of mass at a point that odginaw.,d from

source fuel stream) of the som'ce fuel and air streams are fl_, = 1

and foj = 0 by definition. The enthalw defect of the source can
be defined in an analogous way, but this is not necessary because

conservation of eneqD' principles am not needed to find flame shapes

under the present assumptions. The streamwise velocity defect is

defined as follows:

._ ffi u.,. - u (1)

noting that the alrslream velocityapproaches u,a, at large r for all
distances from the source, based on assumption (1). In the far field,

where self-similat behavior is approached, [u#l/u,_, << 1 (the abso-

lute value is used to allow forvalues of u/.oboth larger and smaller

than u,.o) and quadratic and higher terms in u,i can be neglected in

the governing equations, Then, un_r the present approximations,

I

I
I

Y_

l

I UMINOUS

BOUNDARY

,BURNER TUBE

AMBIENT AIR
INFLOW

FUEL INFLOW

F_g- 1 Sketch of the coflowiag _r-J_t _ _ ¢ou.Ggurs-
tim*.

the governing equation for conservation of mixture fraction can be
found in the same manner as the fat-field formulation of laminar

wake processes, as follows_:

a/ -- v_ 8._(raf _
u._ 8"z -- r ar \ ar ) (2)

a/
re0: _r----O, r-eOo: f=0 (3)

The final condition of the analysis is conservation of the flow of

fuel-stream mass in tbe scr_amwise direction, which can be written

as follows in far field:

fo = d=uf,,

f, dr ---- _ (4)

The solution of Eqs. (2-4) can be obtained using either conven-

tioual separatiou of variables _" convet_on into an ordinary differen-

tial equation by a suitable similarity transformation. _ The resulting

expression for the mixture fraction distn'budon in the s_lf-similar

regime is as follows:

f = ul.. d _ exp{-n:}/(161,x) (5)

where

= (r/2)[u._,/(vx)]_ (6)

The location of the luminons flame boundary is as._mcd to coincide

with the location of the _n flame _ where the concentrations of

fuel and oxidant an_ zero (see Fig. 1) and the stoichio_c mixture

fraction is reached, f ffi Z= (see Table 1 for present values of Z=).

Introducing this mixture fraction into E.4. (5), for condifioes along

tbe flame axis, yields the following expression for luminous flame

length:

L..Z = R.____e (7)
d 16Z=

The corresponding expression fot' flame shape, providing the flame
diameter as a function of streamwise distance, is as follows:

wld -_ [(.glL$)(Uf.#IU.,._) [w[Lj'/X}/Z,] '] (S)
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Finally. a convenient measure of the flame diameter is its value at

z/LI -----_.as follows:

u_½/d = |(u1../uo,.) f,,|2}/(2Z=)]½ (9)

Correlation of the n'w..asurementswas sought in the samemanner
as Linet al:: The equal diffusivity approximation was relaxed by
introducing the Schmidt number into Eel. (7); the Schmidt number
and viscosity used to compute the Reynolds number were taken from
the properties of air al the average of the adiabatic flame temperature
and the ambient temperature;the correlation of flame length was
improved at small aspect ratios by introducing a virtual origin at
a distance Lo from the jet exit; and the flame length correlation
was fioe-moed for effects of soot luminosity, etc., by introducing an

empirical coefficient C/as discussedlater.With thesechanges,F_.q.
(7)fortheluminousflamelengthbecomes

(L t - L_) ffi C/ReSt (10)
d 16Z.

whereas Eq. (g) for the luminous flame diameter becomes

wit = [-¢(u:.ol_...)_,l_)It=}½ (ll)

where

(x - Lo)
f = -- (12)

(L! - L_)

Equations (9-12) disclose Some interesting properties of non-
buoyant laminar-jet diffusion [lames in a co|lowing and unbounded
environment.Firstofall.the|lamelengthfrom Eq.(I0)isindepen-

dentof the co|low velocity, which is surprising; neve_heless, fame
lengths in sdll gases from Re/'. 4 are a fixed ratio longer than in
co|low (given similar values of C I and Lo/d), e.g., the caefficients

in the faroe-length expressions for still and coflOWing gasesare
and _ respectively. Diameters of [lames in co|low vary with me

o + . , .

ratio u/o/u+.,,; m contrast,diameters of flames m st}]} gases ate m-
dependentof reactant [low rates, +Flame-diameter propertiesin both
coflowing and stillgases,however, areonly indirectly affected by as-
sumedtransportpc'o_rtiesthroughthecomputationof flame-length
fromEq. (lO). Finally. the present analysis agrees with the resultsof
Mahalingam et a}) s at their limiting Burke and ,Schumann2 condi-
tiort of u/.o = u..., except for the presence of the virlua] origin and
the different treatmtm of U,ansport properties. The corresponding
agreement between the self-similar prediction and the more exac'z
Burke and Schumanna analysis for u/_, = U=.o.as.¢hediameter of
the omer re.actant stream becomes la_e also is quite good in the far
field, as discussedby Mahalingam el al._

Results and Discussion

l:lame Appearance
Photographs of scetylene-, propylene- and 1,3-butadieoe-fueled

flames are illustrated in Fig. 2 for comparable |low conditions (Re
of 62..-66 and u,,,,,/u/_ of 3.3-4.2). All three flames are close to
their laminar smoke points, which can he arranged because flame
shape= am relatively independent of the ambient pressure, where_

P../_ I NR FL_IE Csl%IAIRFt.AtlE o_hJ_
R_., p=25 kPa R_,,_, m,_ tma I_=Qt, p_t kPa
uh.,t % **$.4 _h,=l _.*** _1.3 _ILkj**4-2

FiZ. 2 P_o_ogr-aphs _ aeee'S'leue-, propylene-, and l,._.bu,,,diem_
fueled laminar-jet dLq'usionflames burning la col_m,tag air et similar
atrRu_l vel_ valioL

uul I_=' 1.3 u,_I _p._= 8.4 u_ lu_ =$.3

ACETYLENEIAIRFLAMES,Re='93,p - tS)kPi

Fig. 3 Photographsof ace_k.ne-fuek_l laminar-Jet diffmim
bursalngin coflewi_| air at various airffuel vetoci_ _UW.

laminar smoke-poim fame lengths iocrease rapidly as the ambient
pressure is decreased, g The 1.3-butadienc flame seems somewhat

longer than the rest, but this is mainly because of the flame attach-
ment fartherdownstream from the burner exit than the rest. Actually,
all three [lames have roughly the same length, which is consistent
with Eq. (10) in view of the relatively smallvar/adon oft= for r,be._

fuels (sue Table 1) and past experience con_cerning the effoc_ ofap
proschtothe}ami_r smoke point on luminous }%me shapes from

Linet at.+ Observed |lame diameters are somewhat larger for the
1.3-butadiene-fueled flame than the t_st, rather than being nearly the
same as antic/Fated from Eq. (9). This level of discrepancy between
measuredand predictedfame diaroetersistypicalof ob_ons
over the z_stprogram and is similar to pas_experience for flames in
still gases from Lin¢t al. _ In view of .thesimplicity of the flame-shape
analysis, and the fact that average prope_es and empirical factors
cannot he chosen tOfit predictions and measurements of flasn_ di-
ameters, it is rather remarkable that the trends of [larr_-dian_e_
predictions are still reasonably good.

Photographsof acetylene-fueled flames a! given fuel jet-exit con-
ditions and ambient pressures (Re of 93 and ambient pre.ssureof
19 kPa) are illustrated in F/g.3 for variousair/fuel velocity ratios.
Contrary to the expectations of Eq. (10), where luminous flame
lengths are independent of air/fuel velocity ratio, the flame lengths
illustrated in Fig. 3 decrease significantly as the air/fuel velocity
ratio is increased. This behavior follows because luminous flame

lengths progressively increase relative to soot-free {blue) flames at
comparable conditions as laminar smoke-point conditions are ap-
proached. For example, the luminous fame lengths at the laminar
smoke point are roughly twice as long as corresponding blue [lames
for nonbuoyant laminar-jet diffusion flames in still air,+ and similar

behavior is quite reasonable for flames in coflowing air. In pasticular,
increasing air/fuel velocity ratios tend to increase laminar smoke-
point flame lengths based on measurements of Lin and Faeth) ¢
Thus, for u,,_,/ul.+ ffi 1.3 in Fig. 3 the flame has nearly reached its
laminar smoke-poim flame length of 60 ram, but for Uo../uj.. = 3,4
the luminous flame length is only 50 mm compared to a hminar

smoke-pointflame length of roughly II0 mm for this air/fuel ve-
locity ratio,which impliesa |lamelengthbetweenthelenr,h ofa

soot-free (blue)flame and the length at the laminar smoke point.
In view of this effect of approach to the laminar smoke point, the
following flame-shape measurementswere obtained near laminar
smoke-point-conditions,and thecorrespondinglengthsofsom-fn_

(blue) flames are likely to he mu_ shorter:

Rame Lentnks
Luminous flame length is defined in the following as the stream-

wise distance between the burner exit and the farthest downstream

plane normal to the flame axis _ contacts a luminous region of
the |lame. For the present flames in coflowing air, this length was

generally associated with the end of luminosity at the flame lxis.
For the flames of Linet ai.+ in still air, however, this location was

either along the axis or at an annular soot layer for the closed- and
open-tip flames observed near laminar smoke-pointconditions for
nonbnoyant flames in still gases. "_
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usal tat e>l FraY0.1: LaP

40 _ ' • 1" CORRELATION /.u u I--=0. "_/
c#, , 1.3 _0_,d/
C,H e • 1.8 " /

35 u_01t_.e<0'5: / >

C2H2 o -1.7 /
30 C3He o -1.7

LSPDATA: A"
c2H4 p -3.2 /,

2_ sc=o.Te / _COF_OVnNGJE_
-- i_/,_'___ _RREI.A. TION_ .

lo _/z'LJI_ COFLO_.GaET

,_,_lr" FOR Urn.01 u_.o > 1

f -,i 0.,
0

Re klZ_

Fig.4 Luminmts liame_.ngths oThydro_rbeu-fuek'd htminar-jetdif-
fudou flamesburning in ¢oflew'mgair: ¢orre_tiou sundmeasuremeuts
or Lin el _' for •o,,/e/,, = 0, predictiom of _e Spaldiq s theory for
u,,o/u/@ =0, correlati(m and memsmx-mettts (d the preseBl invesl_

bon for 0.22 < u,,,lu/_, < 0-g, and correlation mxl measurements of

the present inwstigatiea for coflewlng jet theol.

Measured and predicted lengths of flames in coflowing and still air
are plotted in Fig. 4. Present measurements have been divided into
two groups: 1) u.,./u/.o < 0.5, which roughly approximates now
buoyant flames in sdll air; and 2) u._,/u/.. > I for Fr°> 0.1, which
roughly approximates nonbuoyant flames in coflowing air. All of
the measurements are presented as suggested by the simplified the-
Dries of flames in coflowing and ,still air. e.g.. Eq. (10) for flames in
coflowing air, with (L/-- L.)/d plotted as a function of Re..qc/Zf.
Vaiues of Z,t used in the plots are as follows: 0.0704 for acetylene,
0.0636 for ethylene and propylene, 0.0667 for 1,3-butadiene and
0.0602 for propane, Clearly, as mentioned earlier, values of Z. do
not vary significantly over the present test range. All other properties
were obtained from Braun et ai3s Values of 3c were based on the

properties of air at the mean temper-aures of the flames; these values
do not change significantly over the present test t-_nge so that a mean
value of $c = 0.76 was used for plotting all of the data. The values
of/,L reed to find Re for the plots also was based on the properties of
air at the mean flame temperature, Virtual origins were selected so
that fits of the measurements for various fuels and ambient flow con-

ditions passed through the origim of the plots; the resulting values
of Lo/d are summarized in the legend of Fig. 4, Finally, plots of the
various predictions for C! = 1,00 (denoted theory) and for best-fit
correlations of the various measurements (denoted correlation) lure
also shown on the figure. For convenience, the values of Lo/d and
CI for all of the flame-length plots considered here am summarized
in Table 2.

The correlation of the flames in _'II gases according to the simple
Spalding s analysis has already been discussed by IAn et al. 4 The
results illustrated in Fig. 4 for flames in still gases represent near
laminar smoke-point conditions and yield an excellent correlation
having relatively little scarier with CI = 1.13. As noted earlier, these
luminous flame ]engths for near laminar smoke-peint conditions are
roughly twice as long as the measurements of Sunderland et al.s for
soot-free (blue) flame* (Table 2). Present results for coflowing jet
flames with u../u/_, > I also yield a good correlation according to
the simplified theory of Eq. (10), with C/= 1.05 in this case. Thus.
flame lengths forflames in still and coflowing gases have roughly
the ratio discussedearlier in connection with Ecl C7).e_g, L 1 (still

air)/L! (coflow) _ }, with this ratio being relatively independent
of ,,.o/Ul.o and Re m accord with the simplified the0fies. Finally,

present results for small coflow velocities 0.22 < U..o/U!., < 0,5

Table2 Semnmryd flmue-length ourrelatiom

Flame system Source Lo/d C'f c_c/

Nonbuoyantlaminar-jetdiffusion Present 1.4b 1.05 0.t2
flame in coflowing air uudy
(uo,olu/,o > I, Ft. > O.I,
so<x.containingflame)

Nenbuoyant laminar-jet diffusion Lixteta]. 4 -3.2 1.13 --
flame in stillair(uo.,,/Ul_ = O,
FrI = oo, soo(-o_ntainiug
flames)

Nonbeoyam laminar-jetdiffusion Present -- 1.7 0.98 0, I0
flame inslow-moving air (0.22 study
< .a.o/Ul.o < 0.5, so_-containing

flames)
Nonl_oyant laminar-je_diffusion Sundeflaad 2.7 0.56 --

flarnein still air (u..o/U l_ ----O, etai.|
Fr/ = oo. soot.free, btue.
flames)

"Em_irlcalflame-lensthpsmmeterlmsedouEq.(10) for Ramcsin coflowingsir and
cor_spo_ling_ ia P-_. 4 f_ Eamtsit _ll orslow-moving(a,_l,/a <0-5)

hAverageof followingiedfvidualvak_ of L./d for p_'_oJ_ I_ydxt:s;mbo_ftmb: 1.0
forC2H2.1.3 forC3H_,and1,8forC41_.

O.e

0.5

0.4
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o,o

FUEL SYMBOL

_. • C,H, •
[_• u_,o I uS,0 > t

• m_e e',_,_ . _ •

•"It"

ira|is

4 | 42 46

Fig. $ Measured trod p_-.dk'tt_ ium_ees flame diameten of bTdre-
carben-fuded hunlaar-J_tdltZx_ou flames bin'•lag i= _owt=g sir at
variom velocityratiosfro"a,_d_!,, > I aad Fr, >6.1.

yield a rea-_onably good coneladon in terms of the theory for flames
in still gases, eg, C! =0.98 from Table 2. These results also are
in reasonably good agnmm_t with _rlier _urements in still
gases,with the somewhat _ flame lengths in the presence of
slow coflow being consistent with other effects of coflow seen in
Fig. 4.

F1tm_ Dlameten

The normaliz_ characteristic flame diameter w,aZ_nld for
coflowingjet diffusion flames is inversely pmportionai tothesquare
root of the air/fuel velocity ratio and independent of flow trans-

port properties, according to Eq. (9). This relationship, illustrated
in Fig. 5, is based on present measurements for u.../u;j > l and
Fro > 0.1 along with the predictions of Eq. (9). The measurements
follow the general trend of the predictions but ate rather scattered.
There also is a tendency for flame diameters to progressively in-
cmaso as a function of fuel type in the orderof acetylene, la'opylene,
and 1,3-butadiene.

Insight conce_nlng the scatter of the mensurements in Fig. 5 was
sought by plotting the entire argument of Eq. (9) as a function of
normalized flame length, similar to the approach used for charac-
teristic flame diameters for flames in still air by Lin et ai.4 These
results are illustrated in Fig. 6 for the same range of test conditions
as Fig, 5. The scatter about the predictions progressively decreases
as the normalized flame length increases; therefore, small-flame
aspect ratios appear to be mainly responsible for the scatterseen
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Fig, 6 Measured and pr_kted lumtno4_ flan_ d|ameu.rs of hydro-
c3rben.fueled laminar-jet diffmion flames lmrning in ceflowing air at

various flame lengths for t_..,,/u/@ • 1 and Ft. > 0.1.
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40 40
THEORY

i _o _o ('Ptl'.I

V)Mv_UnEIENT
1o 0'_.) lO

-40 -10

in Fig. 5, The normalized flame diameters illustrated in Fig. 6 also

progressively increase as a function of fuel type in the order ofacety-

lene.propylene, and 1.3-1mtadienc. Similar increasesof nonn_ized
flame diameters also were observed when changing from ethylene-

to propane-fueled flames in still gas_.' The reasons for these fuel

effects arc not known, but fortunately the effects are not very large

in view of the approximations of the simplified theories.

Flame Shapes

Measured and predicted luminous flame shapes are compared as

the final step In the evaluation of r.he simplified flame-shape analysis
leading to Eqs. (9--12) for flames in cofiowing air. This comparison

was carried out for relatively large flame lengths (or large aspect

ratios) to reduce problems of flame-width predictions at small-flame

aspect ratios discussed in connection with Figs. 5 and 6. Typical

results for acetylene-, propylene-, and 1,3-butadiene-fueled flames

at similar Reynolds numbers (Re of 62--66) and air/fuel velo_ty

ratios(U,.o/U/.oof 3.3---4.2)are illustra_din Fig. 7. Flame radius

is plotted as a function of streamwis¢ distance to illustrate directly

the effectiveness of flame-shape lm_dictions. The predictions clearly

are quite good in the far field. A minor exception is a tendency for

predictions to underestimate the radius of the 1,3-butadiene-fueled
flame in the far field, similar to the results discussed in connection

with Fig. 6. The far-field approximations of the analysis, however,
break down near the nozzle exit where the predictions are not very

satisfactory.

Effects of aiHfuel velocity ratios and Reynolds numbers on

discrepancies between measured and predicted flame shapes can

be seen from the results plotted in Fig. 8. Conditions were selected

for the plotsto provide progressively shorter and narrower flames,

e.g., acetylene-fueled flames having u.../ul. . = 2.3, 4.1, and 7.9

and Re=96, 76. and 53, respectively.The approximate analysis IS

seen to provide good predictions of trends with respect to variatiorts
of air/fun] velocity ratios and Reynolds numbers in the far field.

Predictions near the source, however, are not satisfactory because

of the failure of the far-field approximations. Mahaiingam et al. 3s

observe similar trends where predictions art not satisfactory near

the source when comparing their approximate self-similar analysis
with the exact results of the Burke and Schumann 2 analysis for the

property approximations and the uniform velocity flame conditions

that they consider.

Conclusions

The luminous flame shapes of stoedy,no,buoyant, round hydro-

carbon-fueled laminar-jet diffusion flames burning in coflowing air

were studied both experimentally and theoretically. Test conditions

involved acetylene-, pmpylenc-, and 1,3-butadiene-fueled flames

having initial reactant temperatures of 300 K, ambient pressures of

19--50kPa, jet--exit Reynolds numbers of 18--121,and initial air/fuel
velocity ratiosof 0.22-32.45 to yield luminous flame lengths of

21-108 ram.The present test_ usually were close to the lami-

nar smoke point but were not soot emitting. The new meutsummenL_

were used to evaluate predictions of luminous flame shapes based
on simplified analysis due to Spa)cling s and Mahalingam et aL asThe

major conclusions of the study are as follows_'.

l) The present extension of the simplified analysis of nonhooyant

found laminar-jet diffusion flames in coflow due to Mahalingam

et ai)s provided reasonably good predictions of the luminoos shapes

of the present flames in the far field for u,._/uya > 1 and Fr. > O. 1
after appropriate selections of empirical flame-length

e.g..Lo/d and el. The predictionswere most satisfactory for large

aspect ratio flames and tended to fail near the source where the

far-field approximations used in the analysis were no longer valid.

2) The simplified analysis of nonbuoyam laminar-jet diffusion
s ¢

flames in stillairdue to Spalding. developed by Linet at.,

vided reasonably good predictions of the luminous shapes of the

present flames in slew.movlng coflow for 0.22 -< "eM'uI., < 0.5

afterappropriate selectionsof empiHcal flame-length p_ara_rneiet_.

e.g., L,/dand C/. Present values of the flarue lengths (or C:) for

slow coflow (u,._/u/._< 0.3")were 15% smaller than the earlierre-

sult_ of__n _ al ' wi_ no coflo_v .l_x:ause of enhanced mixing rates

caused by cofl___, _-::_::: ._=: .... __:.

3) Based on present correlations of the luminous flame boundaries

of nonbuoyant lamlnar-jet diffusion flames in still and coflow]ng

air, luminous flame lengths increase linearly with ftm[[ fl_

but are reJatively independent of jet-exit diameter, pre_mt, aod
air/fuel velocity ratio (for fflaags in coflow). Nevertheless flames in

still air are roughly 50% longer than flames in significant coflow

(u._/uya • I ) at comparable conditions, with this differemm being

i
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relatively independent of air/fuel velocity ratio and jet-exit Reynolds
number.

4) Based on present correlations of the luminous flame boundaries
of nonbuoyant laminar-jet diffusion flames in still and cofiowing air,

characteristic luminous flame diameters vary linearly with jet-exit

diameter and are relatively independent of flow physical proper-

ties and jet-exit Reynolds numbers. For flames having significant

levels of coflow (u,Ju/+, > 1). however, characteristic luminous

flame diameters are also invers¢17 proportional to the square root of

u_.o/u/.,. Thus, large aspect ratio flames can best be achieved using

small injector diameters, large injector Reynolds numbers, and large

air/fuel velocity ratios, subject to laminar smoke-pOint limitations

if nonsooting flames are desired.

5) Progressive increases of luminous flame lengths at compara-

ble conditions were observed as the laminar smoke point was ap-

proached for nonbuoyant laminar-jet diffusion fames in cofowing
air. This behavior was similar to the observations of Linet al, 4 that

the luminous lengths of nonbuoyant laminar-jet diffusion flames in

still air were roughly twice as long at near laminar smoke-point con-
ditions as sOot-free (blue) flames at comparable conditions. Whether

quantitative effects of approach to the laminar smoke point are the

same for flames in cofiowing and still air, however, still must be
established.

Finally, we recommend that the correlation of flame shapes

for nonbuoyant laminar-jet diffusion flames in coflowing air [Eqs.

(9--12)] be used with caution outside the present test range and un-

til the results are definitively confirmed for long-term microgravity

conditions where the intrusion of effects of transient flame devel-

opment and buoyancy are absent. In particular, past observations of

the shapes of steady nonbuoyant laminar-jet diffusion flames in still

gases based on space-based observations in micmgravity generally

have been found to differ from earlier measurements obtained using

ground-based facilities due to effects of tnnsiem flame develop-

ment and disturbances due to buoyancy. The present conclusions

concerning effects of burner diameter follow from the simplified

theory; experimental evaluation of these trends is needed.
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